Comments on the article "New type of topological electronic transition in metals with a change in the Fermi energy," by V. I. Makarov, D. V. Bolotov, V. A. Gor'kavy, and A. A. Yatsenko [Fiz. Nizk. Temp. 31, 422 (2005) In this work we reported experimental measurements of ultrafast structural dynamics in metallic nanoprisms induced by a femtosecond laser pulse. The main focus of this study of anisotropic heating in nanoprisms is about laser fluence effects on photoexcitation of two planar coherent acoustic phonon modes, namely, the breathing mode and the totally symmetric mode. We presented a combined two-temperature model and 2-D Fermi-Pasta-Ulam model to explain both the dependence of the initial phases and the mode weight on the excitation power. Our transient optical absorption data for both the initial fast monotonic decay and the subsequent coherent acoustic oscillations clearly indicate the presence of anisotropic thermal expansion in nanoprisms.
I. INTRODUCTION
Recent development of nanofabrication techniques allows researchers to fabricate nanoparticles in various shapes and sizes. Because many physical properties of these nanoparticles strongly depend on their shapes and sizes, researchers could synthesize nanoparticles to achieve desired optical, electronic, thermal, or mechanical properties for specific applications. [1] [2] [3] [4] [5] [6] [7] To understand laser heating and laser processing of these nanomaterials it is important to investigate the thermo-mechanic properties via coherent phonon excitation using femtosecond laser pulses. Nanoparticles of various shapes and sizes have been widely investigated by optical pump-probe techniques and other techniques as well. The shapes of these nanoparticles include thin films, spheres, rods, prisms, disks, cubes, etc. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Upon excitation by a femtosecond laser, the electrons in metals could be heated up suddenly to several thousands degrees. Although laser penetration depth is limited by the optical attenuation length, these hot electrons on the metal surfaces could move ballistically or diffusively much deeper inside the nanoparticles. Moreover, the fast thermal conduction of these electrons could quickly heat up colder electrons elsewhere to transfer their energies to the lattice. The sudden changes in the electron and phonon temperatures could induce impulsive thermal stresses 8, 18, 19 to cause the whole nanoparticles to vibrate. Because the optical refractive index, the absorption coefficient, and the surface reflectivity all depend on the particle sizes, one could use the optical transient absorption techniques to investigate such photoinduced coherent phonons. Comparing to the laser spot size, the nanoparticle is sufficiently small to experience almost uniform laser excitation. Therefore, one would expect an isotropic expansion in the nanoparticle. However, for nanoprisms, the apex is a) Author to whom correspondence should be addressed. Electronic mail:
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known to exhibit significant enhanced local field, 20, 21 therefore, these sharp tips could possess stronger light absorption than elsewhere in a nanoprism. Consequently, we would expect a larger thermal gradient in a nanoprism to induce anisotropic thermal expansion even though these nanoparticles were under uniform light irradiation.
In order to treat anisotropic expansion of nanoprisms, we have employed the 2D Fermi-Pasta-Ulam (FPU) lattice model for a triangular-shaped atomic array to simulate planar lattice vibration. Although a nanoprism has a 3D structure in reality with its thickness as the third dimension, however, so long as its thickness is much smaller than the other two dimensions, our 2D simplification could capture the major relevant behavior. In our previous numerical simulation work, 22 , 23 a 2D FPU model with two types of impulsive forces was considered for nanoprisms to explain the origins of two planar phonon modes. These two modes include the breathing mode and the totally symmetric mode, where the vibration period of the first mode is related to the bisector of a triangular plane but the period of the second mode is related to half of the side length. Using this combined 2-D model we could nicely reproduce the experimentally observed dependence of the excitation power on the initial phase and the mode weight of these two phonon modes. We concluded that ballistic electron motion at a much higher laser excitation could cause a more uniform temperature distribution in the triangular plane and could lead to the suppression of the totally symmetric mode.
II. SIMULATION MODEL
In a previous study, 9 we combined the 1D FPU model with the two-temperature model (TTM) to treat laser-heated metallic thin films. With TTM one could deal with the transient changes in the electron and phonon temperatures, and the resultant thermal stresses. 18, 19 We consider here two types of impulsive forces that would capture the major physical essence of TTM for the electron and phonon subsystems. 8, [22] [23] [24] These two types of forces include the direct force corresponding to the change of the electron temperature and the indirect force corresponding to the change of the phonon temperature. Initially, upon heating by a laser pulse, the electrons are heated up to a very high temperature. Then, the energy is transferred to phonons via electronphonon interactions. The rise of the electron temperature follows closely the rise of a femtosecond laser pulse but the drop of the electron temperature is dictated by the electron-phonon coupling time constant τ e-ph , which is on the order of a few picoseconds. Due to the heat transfer from the hot electrons, the rise of the phonon temperature occurs on a time constant of τ e-ph . At a much later time, the phonon temperature will eventually drop to the room temperature on a timescale of hundreds of picoseconds due to the relatively slow thermal dissipation to the heat bath. 25 Here, we consider two following types of forces, representing the temperature changes for the electron and phonon subsystems, respectively,
where F D and F I represent the effective direct and indirect forces, w 1 and w 2 are the corresponding magnitudes, z is the distance according to the direction of the temperature gradient, λ 1 and λ 2 are the corresponding penetration depths. Because the optical field directly heats up the electrons at the beginning, the initial hot electron distribution corresponds to the localized optical field. According to the previous studies, 20, 21 the sharp tip exhibits an enhanced localized field, extending over several tens of nanometers. Thus, we would expect λ 1 to be on the same order of magnitude. Because of the ballistic motion and rapid thermal conduction, the initial hot electrons redistribute their energy among themselves, then transfer their energy to phonons. These phonons are not heated up directly by the heating laser pulse but by hot electrons.
A silver nanoprism is known to grow on the (111) plane of a fcc structure. 26, 27 A triangular plane on the (111) plane is shown in Fig. 1 . A spring is drawn between two adjacent atoms to represent the inter-atomic interaction. Because the force experienced by atoms in a metal is nondirectional, in our treatment each atom is assumed to sit in a spherical harmonic potential. In the FPU model, one could include an anharmonic term or even the Morse potential, however, because the amplitude of vibration is typically a few percentage of the bond length or smaller, the anharmonic effects could be neglected in this work. For nanoprisms, their apexes were known to enhance a strong localized field with a higher light absorption than the residual area. 20, 21 Due to the polarization effects, for a randomly oriented nanoprism one tip orientation might be more parallel to the laser polarization than the others. For simplicity, we shall assume that the tip is along the z-axis. Because the tip has a much higher light absorption and it is more preferentially heated, therefore, the thermal gradient is along the bisector or z-axis. We consider here a 2D FPU model with both direct and indirect forces taken into account to treat the ultrafast lattice dynamics of a triangular nanoplate, namely,
(2) where S n is the atomic displacement in the z-axis for the n-th atom, F n is the impulsive force which consists of both direct and indirect forces due to thermally induced stresses caused by heated electrons and lattice, P n is the momentum, γ is the damping factor, and mω 2 is the force constant. Following our previous studies, 22, 23 we used mω 2 = 14.29 N/m for the silver nanoprism. The relationship between F I and F D will be discussed later in the Discussion section when we make a direct comparison between the simulation results with the experimental data. At time zero, the atoms are assumed to be at equilibrium position. Except for those atoms at the triangular boundary, each atom is connected to six adjacent atoms, and the equation of motion for each atom is described by Eq. (2). In our computer algorithm, we specially dealt with those boundary atoms, according to their specific couplings to adjacent atoms. We employed the Runge-Kutta method to numerically solve the above coupled equations.
III. SIMULATED AND EXPERIMENTAL RESULTS
Before we proceed to discuss our simulation model, it is necessary to mention the magnitude relationship between F D and F I . According to the previous studies, [8] [9] [10] [22] [23] [24] the thermal stress σ contains both lattice and electron contributions, It can be expressed as σ = σ e + σ l = −γ e C e T e × T e − γ l C l × T l , where σ e and σ l are the stresses caused by hot electrons and lattice, or what we called direct and indirect forces in this paper, C l = 3.5 × 10 6 J m −3 K −1 and C e = 66 J m −3 K −2 are the lattice and electron heat capacity, γ e = 0.97 and γ l = 2.23 are the Grüneisen parameters for electrons and lattice for silver, T e and T l are the electron and lattice temperatures, and T e and l are the electron and phonon temperature changes. 11, 28 We utilized σ e and σ l to determine the magnitude for F D and F I . Based on the two-temperature model, the maximum electron temperature could be estimated from τ e-ph × g/C e , 11 where the electronphonon coupling constant g = 3 × 10 16 W m
We can obtain the value for τ e-ph from the experiment, which depends on the excitation power. Taking our experimental results as an example, the transient absorption result at an excitation power of 0.5 μJ/pulse allowed us to determine τ e-ph = 3.8 ps, which could then be substituted into the formula to obtain an estimate of the maximum electronic temperature of 1727 K while the initial temperature is 300 K. With complete electron-phonon thermalization, we could obtain the maximum temperature for the lattice to be 346 K. The ratio of the force magnitudes between F I and F D is w 1 /w 2 = 0.435. Therefore, we could determine τ e-ph from the experimental results and then calculate the relative magnitude between F D and F I of the simulation model. This procedure allows us to relate the lattice vibration with the excitation power.
Using our 2D model for nanoprisms we determined two planar phonon modes, the breathing mode and the totally symmetric mode. 22, 23 In model simulations, we considered a triangular plane similar to the size used in the experiments, which has a 43 nm bisector containing 14 112 atoms. From the fits to the experimental results, we obtained λ 1 = 20 nm and λ 2 = 160 nm. The parameter τ e-ph , which depends on the excitation power, was determined from the transient absorption, results for us to estimate the force magnitude. We presented the dependence of the initial phase on τ e-ph in Fig. 2(a) , where the open squares and open circles represent the simulated results of the breathing mode and the totally symmetric mode, respectively. It is clearly shown that the initial phases of the breathing mode and the totally symmetric mode both decrease as τ e-ph increases, except that for the breathing mode the decreases are more rapid. The phase difference between both modes drops from 110
• to 45
• as τ e-ph increases. Here, we will discuss the relative amplitude of each mode. The mode weight of the totally symmetric mode is defined as the amplitude ratio between the totally symmetric mode and the breathing mode. The open circles shown in Fig. 2(b) represent the simulated results. It is obvious that the mode weight decreases as τ e-ph increases. From the previous study, 13, 22, 23 the excitation of the totally symmetric mode is attributed to the ballistic electron stress, or F D . As the excitation power increases, F D becomes more dominant and the ratio of w 1 /w 2 increases. However, a dominating F D implies an opposite trend for the mode weight in Fig. 2(b) . The breathing modes excited by either F D or F I are nearly out of phase. This phase mismatching would cause destructive interference in the oscillatory pattern for the breathing mode with excitation by both F D and F I . Therefore, due to destructive interference for the breathing mode, the relatively weak, totally symmetric mode becomes more prominent to stand out. 22, 23 Consequently, the mode weight of the totally symmetric mode could become more dominant depending on the extent of destructive interference. The above reasoning offers a sound explanation to why that the mode weight decreases as τ e-ph increases.
The silver nanoprisms were prepared by a chemical synthesis method described previously. 17, 29 The dimension of the resulting silver nanoprisms with ∼43 nm bisector and ∼7 nm thickness was determined from images taken by TEM. The histogram of the bisectors is shown in the inset of Fig. 3(a) . The UV-visible extinction spectrum of nanoprisms is shown in Fig. 3(b) and the vertical dashed line represents the wavelength of the pump and probe beam. Different from the report by Chergui et al., 13 we were able to observe in this work the totally symmetric mode around the SPR peak, and this observation is consistent with our previous study about optical control of coherent acoustic vibrations. A transient absorption setup was employed to investigate the coherent phonons of nanoprisms. Laser pulses of 100 fs with 1 KHz repetition rate were provided from the regenerative amplifier. The femtosecond pulses were split into the pump and probe beam with the pump/probe energy ratio of 100 to 1. The probed beam was detected by a photodiode detector, and the variant transmittance dependence on time delay was acquired by a personal computer through a lock-in amplifier. The perpendicular polarization between the pump and probe beams was chosen to minimize the scattered light from the pump beam. During the measurement time, the sample was circulated in a flow cell with 1 mm optical path.
The transient absorption data curves for silver nanoprisms are shown in Fig. 3(c) from the measurements under different excitation powers. The large peak that occurs before 10 ps is due to photoinduced hot-electron dynamics, and the subsequent damped sinusoidal oscillations are due to coherent acoustic phonons. Our experimental data curves were fitted by the following equation, similar to Chergui's work:
Several parameters were used in the above equation, including the electron-phonon coupling time constant τ e-ph , thermal dissipation decay time τ , periods, and phases for two damped oscillations. The oscillation periods were determined from the fitting with τ br = 29.4 ps for the breathing mode and τ to = 18.1 ps for the totally symmetric mode. The period of the coherent acoustic oscillations could be approximated by 2L/v s , where v s is the sound velocity, 3650 m/s, and L is related to the nanoparticle size. The breathing mode is related to the bisector height and the totally symmetric mode is related to half of the edge length. 13, 14, 22, 23, 29 The underestimate of the size using the above approximate relation was noted in previous studies using a variational approach to solve the elastodynamics problem. 13, 14 Shown in Fig. 2(a) is the dependence of the initial phase of the breathing mode φ br and the totally symmetric mode φ to on τ e-ph , represented by the solid squares and circles, respectively. Using the simulation model, we could nicely reproduce the experimental results. The mode weight of the totally symmetric mode A to /A br is shown in Fig. 2(b) . Comparing to the simulation results, the mode weight rapidly decreases as τ e-ph exceeds 8 ps. The fitted results agree with our previous observation of optical control of coherent acoustic vibrations. 29 Because the totally symmetric mode is relatively small at a higher excitation power, the error bar of φ b shown in Fig. 2(a) is slightly larger.
In a regime at a relatively low electron temperature, TTM is a useful tool to deal with the condition of the electronphonon nonequilibrium. As the electron temperature becomes sufficiently higher, above 5000 K for silver, 30 the electron heat capacity C e and the electron-phonon coupling constant g becomes to depend more strongly on the electron temperature. The formula of τ e-ph × g/C e , which we used in this work, could cause an overestimate of the maximum electron temperature. The electron temperature would approach 5000 K when τ e-ph = 10 ps. In order for the estimation formula to be valid, τ e-ph should be below 10 ps. In Fig. 3(d) , we rearranged τ e-ph which was determined from the experimentally observed pump power dependence. The maximum τ e-ph was found to be below 10 ps. When the electron temperature reaches the maximum, it is reasonable to assume that the energy comes from the heating laser pulse because the coupling to the phonons occurs much later. Based on the energy conservation, one has T emax 300 C e T e × l 3 dT e = P × a, where T e max is the maximum electron temperature, P is the pump laser energy, a is the aborted fraction of the laser beam, l is the bond distance, and 300 is the initial electron temperature. The relationship between the maximum electron temperature and the pump energy could be expressed by
We combined Eq. (4) with the simplified formula of T emax = τ e− ph × g/C e derived from TTM, for experimental data fitting. The blue curve represents the fitted result. From the previous study, 11 the intercept could be used to estimate the electron-phonon coupling constant. A reasonable intercept value of 600 fs was obtained from the fit. 11 Furthermore, in Fig. 3(d) , the electron-phonon coupling time follows the prediction of TTM. It means that the simplified estimation formula based on TTM was a valid approximation in our experimental conditions.
At a higher excitation power, the mode weight in Fig. 2(b) was found to rapidly decrease with a large deviation from the simulation results. The tips of nanoprisms were found experimentally to be truncated due to higher laser irradiation. 18, 31 Unlike the ideal sharp tips, the snipped tips could cause a decrease in the optical absorption and a more uniform initial distribution of the electron temperature. Since the SPR peak is sensitive to snipping, 18, 31 we could use the absorption spectrum to estimate the extent of snipped nanoprisms. After transient absorption experiment, we found that the peak of SPR is blue-shifted by about 10 nm, indicating that the nanoprisms were snipped slightly. 20 The results in Fig. 3 from the transient absorption experiments also support this analysis. The period of the breathing mode should depend on the particle sizes, but the period did not change under the maximum excitation. The tips, which were snipped slightly, could enhance the localized optical field to cause anisotropic electron stresses on the triangular plane. For sniped nanoprisms, we neglected the effects on the mode weight of the totally symmetric mode. From the viewpoint of model simulation, the mode weight of the totally symmetric mode should be strongly related to λ 1 , the force penetration depth of F D , the stationary excitation power, and τ e-ph . With a larger λ 1 the electron thermal distribution is more uniform, and it would result in a significant decrease in the totally symmetric mode weight. To have a better agreement with the experimental results, a larger λ 1 should be used which certainly depends on the excitation power. This parameter λ 1 depends on the optical field distribution on the triangular plane or the initial hot electron distribution. The ballistic motion of hot electrons could quickly transfer heat to adjacent areas to cause a more uniform electron temperature distribution. We could attribute the deviation between the experiments and the simulation to more efficient heat transfer via ballistic motion under higher laser excitation.
IV. CONCLUSIONS
In this study of silver nanoprisms by transient optical absorption techniques, we investigated the effects of excitation intensities on the short-time monotonous decay of the data and the initial phase of the subsequent oscillatory acoustic vibrations. Moreover, we presented here a simulation model to explain and to quantify the experimentally observed dependence of the electron-phonon coupling time constant and the phase of the acoustic oscillations. According to this model that is based on the notion of an enhanced optical field localized near the sharp tips of a nanoprism, we theorized that the geometrical distribution of thermal gradient on the triangular plate was the source for causing anisotropic thermal expansion. Two planar coherent acoustic modes, namely, the breathing mode and the totally symmetric mode, were directly observed, as inferred by this anisotropic expansion model. Furthermore, we applied this model to analyze the influences of the excitation power on the initial phase and the mode weight of two such planar phonon modes. In addition, we observed that when the excitation power exceeded a threshold, the mode weight of the totally symmetric mode is rapidly decreased. This behavior could be attributed to fast electron ballistic motion which would cause a more uniform thermal distribution, i.e., a smaller thermal gradient. Therefore, the totally symmetric mode would become more suppressed.
